Ruminal protein degradation of alfalfa (2.62% N, 49.6% NDF, and in vivo undegradable intake protein [UIP] = 16.4% of CP) and prairie hay (.88% N, 69.4% NDF, and in vivo UIP = 44.5% of CP) was estimated using the Streptomyces griseus protease (SGP) in vitro method with or without pretreatment with two carbohydrases: cellulase from Penicillium funiculosum or driselase from Basidiomycetes. Driselase is a broad-spectrum carbohydrase. Incubating forage samples for 48 h with cellulase or driselase at a concentration of 800 mg/g per g of hay nearly maximized ADF and NDF disappearances. This concentration and incubation time then were used to pretreat hay samples. A 2-h pretreatment was included to evaluate the potential for reducing the analysis time. Other sets of samples were or were not pretreated with acetate buffer alone. Following pretreatment, samples were subjected to SGP for . 25, .5, 1, 2, 4, 8, 12, 24, and 48 h. Pretreatment altered the sizes of protein pools and their degradation rates. When the UIP contents of the forages were estimated using SGP and a single-pool, first-order, kinetic model, cellulase (48 h ) or driselase pretreatments yielded UIP predictions that were more similar to in vivo values. Some carbohydrase and protease combinations also yielded single time-point estimates of UIP that were similar to in vivo values. Similarly, when sufficient time was permitted for protease incubation, single time-point estimates derived from protease alone were similar to in vivo values.
Introduction
New feeding systems for ruminants require knowledge about N fractions of feeds and(or) their degradability NRC, 1996) . In situ estimation of feed protein degradability is used widely (Ørskov and McDonald, 1979) , but this procedure has technical limitations (Broderick, 1994) and is difficult to standardize. In vitro procedures using semipurified proteases have shown promise as standardized techniques for estimating protein degradability (Krishnamoorthy et al., 1983; PoosFloyd et al., 1985) . However, these procedures also have potential limitations, one of which is that protein association with carbohydrate might affect the rate and extent of proteolysis. Although amylase has been used to pretreat high-starch feeds in preparation for degradability assays (Assoumani et al., 1992) , pretreating forages with carbohydrases has not been evaluated except with enzymes extracted from ruminal contents (Kohn and Allen, 1995b ). In addition, given the complex nature of forage fiber, it may be desirable to use a broad-spectrum carbohydrase (e.g., driselase; Himmelsbach, 1993) for pretreatment. This has not been evaluated. Therefore, our objective was to evaluate the effect of different pretreatment procedures with cellulase or driselase on estimation of size and degradability of protein fractions in alfalfa and prairie hay using the Streptomyces griseus protease ( SGP) .
Materials and Methods
Rate and extent of ruminal degradability of alfalfa and prairie hay proteins were estimated using the SGP in vitro method in the presence or absence of two carbohydrases: cellulase from Penicillium funiculosum (C-0901, Sigma Chemical, St. Louis, MO) and driselase prepared from Basidomycetes (D-9515, Sigma Chemical). Driselase was included because it has shown evidence of a broad range of carbohydrase activity (Himmelsbach, 1993) .
Activity specified by the manufacturer for the cellulase preparation was 10 units/mg of solid; one unit liberated 1 mmol/h of glucose from cellulose at 37°C and pH 5.0. The manufacturer's specifications indicated that driselase should contain cellulase at .6 units/mg, laminarase at .026 units/mg, and xylanase at .01 units/mg. One unit of laminarase was defined as that which liberates 60 mg/h of glucose from laminarin at pH 5.0 and 37°C; laminarase also contained some cellulase and a-amylase activities. One unit of xylanase was defined as that which liberates 60 mmol/ h of xylose equivalents from xylan at pH 4.5 and 37°C.
Because the manufacturer indicated that activity can vary for different batches of enzyme, cellulase and xylanase activities also were determined in our laboratory. Cellulase activity was determined using the filter paper assay described by Mandels et al. (1976) . Cellulase or driselase solution (1.5 mL; dissolved at 16 mg/mL in .02 M sodium acetate buffer at pH 4.8) was added to 50-mL centrifuge tubes containing one 1-× 6-cm strip (50 mg) of Whatman no. 1 filter paper (Whatman International Limited, Kent, England) in each tube. Tubes were vortexed and incubated at 50°C for 1 h. Tubes then were placed in a boiling water bath for 5 min, 15 mL of deionized water was added, and samples were centrifuged at 15,000 × g for 20 min at 4°C. The supernatant was analyzed for reducing sugars, and cellulase activity was expressed as micromoles of reducing sugar produced per hour per milligram of enzyme powder and per milligram of enzyme protein. Xylanase activity was determined using xylan as a substrate (Hespell et al., 1987) . The assay was initiated by adding .1 mL of cellulase or driselase solution into 15-mL centrifuge tubes containing .3 mL of deionized water, .1 mL of 10 mM dithiothreitol, .1 mL of .1 M potassium phosphate buffer (pH 6.8), and .4 mL of 5% (wt/vol) xylan (X-0502, Sigma Chemical) dissolved in 25 mM potassium phosphate buffer (pH 6.8). The mixture was incubated at 37°C for 2 h. The reaction was terminated by adding 3 mL of ice-cold acid alcohol (ethanol-glacial acetic acid; 95:5, vol/vol) and cooling the mixture on ice for 30 min. The mixture then was centrifuged at 15,000 × g for 20 min at 4°C, and the supernatant was analyzed for reducing sugars. Xylanase activity was expressed as micromoles of reducing sugar produced per hour per milligram of enzyme powder and per milligram of enzyme protein.
The proteolytic activities in cellulase and driselase were determined and compared with that of the SGP. Proteolytic activities were determined using a modification of the azocasein procedure described by Kohn and Allen (1995a) . Each of the enzymes tested was dissolved in an appropriate buffer. Type XIV SGP (P-5147, Sigma Chemical) was dissolved in boratephosphate buffer composed of 55 mM NaH 2 PO 4 and 34.5 mM Na 2 B 4 O 7 , at pH 8.0 (.33 units/mL). Sodium acetate buffer (20 mM; pH 4.8) was used for cellulase and driselase (16 mg/mL). In 15-mL centrifuge tubes, .5 mL of the enzyme solution were added to 1.5 mL of azocasein solution ( 8 mg/mL; A-2765, Sigma, Chemical) and incubated at 38°C for 2 h. Blanks that contained only .5 mL of enzyme solution also were incubated. At the end of the incubation period, 1.5 mL of azocasein solution was added to blanks, and reactions in all tubes were stopped by adding 1 mL of trichloroacetic acid solution (24%, wt/vol), which also precipitated the undegraded casein. Samples were centrifuged at 15,000 × g for 20 min at 4°C. A 1-mL aliquot of the supernatant was transferred to another tube, 1 mL of 2.5 N KOH was added, and absorbance was measured immediately at 480 nm. Amount of azocasein degraded by enzymes was determined using a standard curve developed from azocasein standards in 1 N KOH. Activity was expressed as milligrams of azocasein hydrolyzed per hour per milligram of enzyme powder, per milligram of enzyme protein, and per milliliter of enzyme solution.
Preliminary Experiments. Preliminary experiments
were conducted to determine incubation times and enzyme concentrations for the cellulase and driselase pretreatments. To have at least one relatively stable reference point, we decided that one pretreatment should represent the combination of the incubation time and enzyme concentration at which fiber (ADF and NDF) degradation was maximal. On the basis of preliminary titrations with these enzymes, two concentrations were chosen for use in 2-or 48-h incubations. The enzymes were supplied at 400 or 800 mg/g of hay (i.e., 1,800 or 3,600 determined units of cellulase activity and 4,944 or 9,888 units of xylanase activity from cellulase, respectively, and 312 or 624 units of cellulase activity and 1,704 or 3,408 units of xylanase activity from driselase, respectively). Enzymes were dissolved in 20 mL of 20 mM sodium acetate buffer and, adjusted to pH 4.8 using 1 M NaOH. Enzyme solutions were filtered through Whatman no. 541 filter paper. Enzyme solution (20 mL) was added to an Erlenmeyer flask containing a .40-g air-dried hay sample, swirled, and incubated at 39°C for 2 or 48 h. For zero enzyme concentration, 20 mL of acetate buffer was added to .40 g of hay sample. Sodium azide ( 1 mL; 1%, wt/vol) was added to all tubes as an antimicrobial agent. After incubation, samples for ADF or NDF determinations were poured directly into Berzelius beakers, and the ensuing fiber analysis was conducted as described by Robertson and Van Soest (1981) . When the measured response was N solubilization, blanks containing only enzyme solutions also were incubated; all samples were filtered through Whatman no. 541 filter paper, the residue was washed with 250 mL of deionized water (20°C), and N was determined using the Kjeldahl technique.
In Vitro Protein Degradability. The SGP procedure was described by Krishnamoorthy et al. (1983) . On the basis of the preliminary experiments, we chose to use 800 mg of carbohydrase per gram of hay for pretreatment. The in vitro protease procedure was preceded by no pretreatment or by pretreatment with cellulase, driselase, or acetate buffer at 39°C for 2 or 48 h. Although incubating the hay samples with carbohydrases for 2 h had resulted in less fiber disappearance, we included a 2-h pretreatment to evaluate the potential for developing a quicker assay. To begin the sequential treatment process, hay samples containing 15 mg of N (.52 g of alfalfa or 1.64 g of prairie hay, air-dry basis) were weighed into Erlenmeyer flasks. Then 20 mL of a carbohydrase solution or of sodium acetate buffer (20 mM, pH 4.8) was added, and the entire contents were incubated at 39°C for the appropriate pretreatment duration. Flasks were then removed from the incubator, and the protease procedure was conducted. Briefly, 40 mL of borate phosphate buffer (pH 8.0) was added, samples were incubated for 1 h at 39°C, and then 10 mL of a solution containing .33 units of SGP/mL was added. Samples were incubated at 39°C for .25, .5, 1, 2, 4, 8, 12, 24, and 48 h. Following incubation, samples were filtered through Whatman no. 541 filter paper. Residue was washed with 250 mL of deionized water (20°C), and N content of the residue was measured using the Kjeldahl procedure. Two analyses, each with duplicate tubes for each observation, were conducted. Each analysis included cellulase pretreatment, driselase pretreatment, acetate buffer pretreatment, control (no pretreatment), and blanks (enzyme solutions only).
Statistical Analyses. Results were analyzed with the
General Linear Model procedure of SAS (1985) . For the preliminary carbohydrase experiments, the statistical model contained effects of hay type, enzyme type, enzyme concentration, incubation time, their two-, three-, and four-way interactions, and analysis. The four-way interaction was significant; therefore, data were analyzed within hay type. The subsequent model used contained effects of enzyme type, enzyme concentration, incubation time, their two-and threeway interactions, and analysis; enzyme concentration was analyzed for linear and quadratic effects.
For the protease procedure, N was fractionated using the following scheme. The undegradable fraction was defined as C; the insoluble, potentially degradable fraction as B; and the fraction that was solubilized as a result of buffer and(or) carbohydrase pretreatment as A. The B fraction, the degradation rate of B, and the C fraction were estimated using a one-pool, firstorder kinetic model with the NLIN procedure of SAS (1985) ; A was calculated as (100% − B − C). The undegradable intake protein ( UIP) contents in alfalfa and prairie hay samples were calculated using this equation: UIP = {B × [K p /(K d + K p )]} + C, where K p = rate of passage (.029·h −1 ; Vanzant et al., 1996) . The UIP also was calculated from single time-point incubations and was expressed as residual N at the end of incubation time as a percentage of total N. The statistical model used to analyze results of N fractionization, UIP determinations, and single time-point estimates contained the effects of hay type, pretreatment procedure, incubation time, their two-and threeway interactions, and analysis. The three-way interaction was significant; therefore, data were analyzed within hay type. The subsequent model used contained the effects of pretreatment procedure, incubation time, and the interaction of pretreatment with incubation time. A significant interaction existed between pretreatment type and incubation time; therefore, means were separated using the LSD procedure (SAS, 1985) protected by prior F-tests ( P < .05).
Results and Discussion
Preliminary Experiments. As alfalfa and prairie hay were exposed to increasing carbohydrase concentrations, NDF, ADF, and N remaining for both 2-and 48-h incubations (Figure 1 ) declined in a quadratic fashion ( P < .01). The 48-h incubations resulted in greater ( P < .01) disappearance of N and fiber constituents measured than did the 2-h incubations. In contrast, a carbohydrase concentration of 400 mg/g of sample solubilized nearly as much NDF, ADF, and N as did 800 mg/g. The differences in cellulase and xylanase activity between our enzyme sources suggest that the concentration needed to approach maximal disappearance was less than 400/g of hay sample. However, the slight increase in disappearance between 400 and 800 mg/g suggests that the response had not fully reached plateau. Because incubation in carbohydrase at 800 mg/g of sample for 48 h seemed to most consistently approach maximal degradation, we chose this as one of the pretreatments for the protease enzyme assay. An alternative combination of the same carbohydrase concentration but a shorter incubation time ( 2 h ) also was evaluated. This was chosen with the idea that time would be a significant constraint for commercial application of the procedure.
Disappearances of NDF and ADF in both forages were greater with cellulase than with driselase for 48-h incubations ( P < .01, Figure 1 ). This likely is related to the higher cellulase and xylanase activities in the cellulase solution (Table 1) . We expected that, despite the lower cellulolytic activity, additional enzyme activities in driselase (Himmelsbach, 1993) would act to increase fiber degradation. However, the cellulase preparation also was found to contain additional enzyme activity (i.e., xylanase activity) not specified by the manufacturer. It should be noted that activities were based on reducing sugar production from standard test substrates and not actual forage substrate solubilization. Thus, activities may not correspond fully with the ability to yield measurable fiber disappearance from common substrates.
Driselase treatment resulted in greater N solubilization than cellulase pretreatment at 2 and 48 h in both forages ( P < .01; Figure 1 ). At 400 mg of driselase per gram of sample, 57 and 75% of alfalfa N were solubilized by 2-and 48-h incubations, respectively; at 800 mg of driselase per gram of sample, 62 and 76% of alfalfa N were solubilized by 2-and 48-h incubations, respectively. With prairie hay, 400 and 800 mg of driselase per gram of sample resulted in about 24 and 46% N disappearances with 2-and 48-h incubations, respectively. The large amount of N solubilized as a result of pretreatment was partly due to the proteolytic activity per se in the carbohydrases. Measurement showed that both enzymes contained proteolytic activity but that driselase contained approximately three times more proteolytic activity per milliliter of enzyme solution than cellulase (Table 2) . This was consistent with the observation that driselase solubilized more N than cellulase ( P < .01). In addition, some of the effect on N disappearance was probably attributable to fiber degradation with resultant release and solubilization of N bound to the fibrous components of these forages.
Protein Fractions and Degradation Rates.
Nitrogen pools and degradation rates for alfalfa and prairie hay are presented in Table 3 . Incubating the forage samples in acetate buffer alone before conducting the protease assay did not significantly alter fraction A pool size. Fraction A was greater ( P < .05) than the control when the forages were pretreated with carbohydrases. The only exception was for the 2-h cellulase pretreatment of prairie hay, for which the A fraction was similar to the control. Throughout this experiment, the 2-h cellulase pretreatment was characterized by filtration difficulties. The filter papers became clogged during filtration and, as a result, we frequently observed more residual N on these filter papers than for the control. We believe that this likely explains most of the apparent anomalies in pool size and degradability noted for this treatment. Increased A fraction for the remaining carbohydrase pretreatments likely reflects the combined effects of fiber degradation and proteolysis per se from the carbohydrases. The size of fraction A was greater ( P < .05) with driselase than with cellulase pretreatment for the 2-and the 48-h incubations, which reflected the greater proteolytic activity in driselase. Generally, increased duration of incubation (48 vs 2 h ) resulted in more N ( P < .05) being solubilized by the carbohydrases. This also was observed ( P < .05) for alfalfa when it was exposed to the acetate buffer alone. Acetate buffer did not affect the pool size of the insoluble, potentially degradable fraction (fraction B). However, this fraction was smaller ( P < .05) than the control when alfalfa hay was pretreated with carbohydrases. This can be attributed to a greater proportion of the potentially degradable protein being solubilized as a result of carbohydrase pretreatment; the same can be stated about the 48-h driselase pretreatment, which resulted in a smaller ( P < .05) B fraction than the cellulase pretreatments. The 2-h driselase pretreatment and the 48-h cellulase pretreatment resulted in similar B fractions. For prairie hay, fraction B pool sizes for the different pretreatments were not significantly different from the control. However, there was an interaction ( P < .05) of carbohydrase type and duration of incubation for the B fraction. In this case, pretreatment with driselase resulted in a response similar to that observed with alfalfa (i.e., decreased B fraction with increased carbohydrase exposure). In contrast, the B fraction increased with increasing exposure to cellulase. We suspect that this response may have been affected by the filtration problems discussed previously. Because of these problems, the C fraction was abnormally large for the 2-h cellulase pretreatment and, consequently, the A and B fractions were small; the B fraction was the smallest. In the absence of filtration problems for the 48-h cellulase pretreatment, the C fraction was reduced considerably and the A and B fractions increased.
The degradation rate of the B fraction in alfalfa was similar ( P = .12) for control and pretreatments. This seemed to be due, at least in part, to the large variability in degradation rates. Considerable variation also seemed to characterize degradation rates for Table 3 . Effect of pretreatment on sizes of N pools and degradability of alfalfa and prairie hay proteins by Streptomyces griseus protease a Cellulase and driselase were added at 800 mg/g of hay for the 2-h and the 48-h incubations. b Control = no pretreatment. c The B and C fractions were estimated using a one-pool, first-order kinetic model where B = insoluble, potentially degradable fraction, C = undegradable fraction, and A = 100% − B − C. Table 4 . Comparison between forage protein fractions and degradation rates measured in situ or in vitro using Streptomyces griseus protease with or without pretreatment a Adapted from Vanzant et al. (1996) . b Cellulase and driselase were added at 800 mg/g of hay for the 2-h and the 48-h incubations. c The 2-h cellulase incubation was excluded due to filtration problems with prairie hay. prairie hay, although not quite as much as for alfalfa. In general, the degradation rate of the B fraction in prairie hay was higher ( P < .05) for the control than for the driselase or acetate buffer pretreatments regardless of incubation time. The cellulase pretreatments yielded degradation rates similar to that of the control. Incubating forages in acetate buffer before conducting the protease procedure did not significantly alter the pool size of the insoluble, undegradable fraction (fraction C). Although some exceptions occurred, fraction C was typically smaller ( P < .05) when forages were pretreated with carbohydrases than the control. It was also smaller ( P < .05) with driselase than with cellulase pretreatments and when the incubation time was increased ( P < .05). The fact that the 2-h cellulase pretreatment resulted in a C fraction larger ( P < .05) than the control seems to be attributable to the filtration problems that characterized this treatment. The size of pool C fell in the range of 30 to 60% of total N for the prairie hay but only 10 to 20% for alfalfa. This suggests that prairie hay proteins were more resistant to enzymatic action than alfalfa proteins or packaged such that they were less available to protease action. In several instances, we observed that the B and C pools declined concurrently as the A pool increased. This implies that it is likely that proteins from both pools were contributing to the increase in pool A. In Vitro Protein Degradability. The UIP contents for both forages were determined using duodenal N flow in an in vivo trial by Vanzant et al. (1996) . The values, expressed as a percentage of total protein, were 16.6 ± 4.3 for alfalfa hay and 44.5 ± 3.5 for prairie hay. The UIP contents estimated by combining pool sizes and rates derived from the SGP procedure without pretreatment (Krishnamoorthy et al., 1983) were within approximately 10 percentage points of the in vivo estimates. In general, pretreatment with carbohydrases tended to yield UIP values that were closer to the in vivo estimates. Because of the need to use standardized assays across a wide range of forages, we looked for combinations of carbohydrase type and time of pretreatment that seemed to yield UIP estimates that were closer to in vivo values for both forages simultaneously. Although the effects of time and enzyme were somewhat variable, either the 48-h incubation in cellulase or the 2-h incubation in driselase apparently resulted in the best agreement across forages. The 2-h cellulase pretreatment was unacceptable because it yielded an increased UIP estimate. Again, this seemed to be due to filtration problems with this procedure. Protein fractions and degradation rates for these forage samples determined in situ (Vanzant et al., 1996) were compared with fractions and rates measured in our in vitro study using no pretreatment, the 48-h cellulase, 2-or 48-h driselase, or the 48-h acetate buffer pretreatments (Table 4) . Differences in values estimated via the two methods were readily apparent for the C fraction and the degradation rates. Factors that likely contributed to such differences include method of fraction determination (i.e., bag wash-out vs enzyme solubilization), duration of incubation, and complexity of enzyme mixture to which the forages were exposed. A single enzyme or a limited range of enzymes, such as those used in our study, probably will not be able to mimic the complexity of ruminal digestion. This concurs with the observation of Luchini et al. (1996) . However, we did observe that for some combinations of carbohydrase and protease, combining the rates and pool sizes yielded UIP values that were similar to in situ values.
Similarly, several researchers have noted close correlation of single time-point estimates of degradability from enzyme assays with in situ degradability (Roe et al., 1990; Assoumani et al., 1992) . As a result, we calculated the single time-point estimates of UIP contents for alfalfa and prairie hay in our study (Table 5 ). Some combinations of protease and carbohydrase at different incubation times also were found to closely mimic in vivo values for both forages. In addition, the 48-h incubation with SGP alone yielded single time-point estimates of UIP that were relatively close to the in vivo values. This corroborates the suggestion by Roe et al. (1990) that a 48-h incubation in SGP (.33 units/mL) would be suitable for estimating forage UIP.
Inclusion of carbohydrase had its most dramatic effect on UIP estimates at early time points. Furthermore, driselase elicited a greater degree of N solubilization than cellulase. Given that driselase had lower fibrolytic activity and higher proteolytic activity, this suggests that the proteolytic activity per se in these carbohydrases may have had a greater relative effect on the determination of degradability. In addition, this implies that using higher protease concentrations with shorter incubation times may be a feasible approach for developing a commercial assay to estimate forage protein degradability. This approach has been considered actively by French (Aufrère et al., 1991) and Czech (Tomá nková and Kopecný , 1995) researchers for application on the national level.
Implications
Inclusion of carbohydrase pretreatments as part of the Streptomyces griseus protease assay can affect the estimated pool sizes of different forage protein fractions and the associated degradation rates. The carbohydrases evaluated (cellulase and driselase) seemed to exert their effects via fibrolytic activity and proteolytic activity per se. When rates and pool sizes were combined to estimate undegradable intake protein, some carbohydrase pretreatments improved the accuracy of estimates. Similarly, some enzyme treatments yielded single time-point estimates of degradability that were correlated closely with in vivo values. Such short-term assays deserve additional evaluation with regard to their suitability for commercial application.
